Abstract : In this work we apply the Method of Critical Fluctuations (MCF) on human Electrocardiogram (ECG) time-series. The method is able to reveal critical characteristics, in terms of physical behavior, in experimentally recorded signals. Using the concept of criticality as basic criterion for the characterization of the recorded ECG as that of a healthy person, we find a 100% verification of the characterization "Myocardial infarction". In contrary in the cases of the characterization "Healthy control" we find a 88% agreement. We also consider the autocorrelation function for the ECG time-series which obeys optimally the criteria of criticality and we observe the appearance of specific characteristic symmetries in the corresponding profile.
patients. Therefore it is necessary to develop an analysis method which faces the ECG or the heartbeats as a time-series, allowing the application of a variety of methods. The most important methods of time-series analysis used are linear methods such as the FFT (Fast Fourier Transform) [2] , Hurst-exponents analysis [3] , Wavelet analysis [4] as well as non-linear methods, such as fractal analysis [5] and Hopf bifurcation [6] . In 2002 we had introduced an analysis method for time-series based in Physics of phase transition and critical phenomena in order to reveal a critical state. This method is named Method of Critical Fluctuations (MCF) [7] and has been applied in a variety of time-series produced in many systems such as Geophysics [8] , simulated spin systems [7] , Biological systems [9, 10] , Economical systems [11] and Electronics circuits [12] .
In 2003 we applied the MCF in ECGs produced from frog heart [10] . The results of the MCF analysis are summed up in the phrase: When heart tissue is functioning properly (healthy state), then it is in a physical critical state. In Fig.1a segment of frog's ECG is presented. The analysis is accomplished in a new time-series created by the relaxation phase where the fluctuations of ECG voltages appear. Criticality is present when the distribution of properly defined waiting times obeys power-law with exponentvalues in the range [1, 2] (see below). Basic property of criticality is that in critical state all the spatio-temporal scales of the system are present. The physical interpretation of critical state in terms of Physics in a healthy heart is that the tissue can respond to external stimuli in all time scales.
In the following, MCF is briefly presented. Details for this method are presented in [7, 8, 9] . Importantly, the exact dynamics at the critical point can be determined analytically for a large class of critical systems introducing the so-called critical map. This map can be approximated as an intermittent map:
The shift parameter ߝ introduces a non-universal stochastic noise which is necessary for the establishment of ergodicity [13] . Each physical system has its characteristic "noise", which is expressed through the shift parameter ߝ . Notice, for thermal systems the exponent z is connected with the isothermal critical exponent δ as
The crucial observation in this approach is the fact that the distribution ( ) P l of the suitable defined laminar lengths l (waiting times in laminar region) [7] of the above mentioned intermittent map of Eq. (11) in the limit ߝ ՜ 0 is given by the power law [14] ( )~l Therefore, as a result from 1 1
In conclusion, the critical profile of the temporal fluctuations is restored by the restrictions: 2 1 p > and 3 0 p ≈ . As the system removes from the critical state, the exponent 2 p decreases while simultaneously the exponent 3 p increases reinforcing, in this way, the exponential character of the laminar lengths distribution.
The frog's heart has three chambers and the structure of ECG is simple as it is shown in Fig.1 . There is a relaxation period between two successive spikes. The MCF is applied for the segments of the relaxation period.
The human heart has four chambers and the ECG is more complex, as it is shown in Fig.2 . The critical dynamics in frog's ECG has been detected in the high frequency (grass) fluctuations. A further step was the extension of the MCF application in human heart. A first effort was made in our work [16] , where we had presented the application of MCF in human ECG for the case of a healthy human heart and for the pathological case of a myocardial infarction. In the present work we analyzed more ECGs in order to obtain a statistical result. Moreover, a more detailed analysis is accomplished according to the more complex structure. [17, 18, 19] . Each signal is digitized at samples with a frequency of 1000 samples per second (1 kHz). In Fig.3a segment of ECG from patient p.121 is shown. The selection of the segments of ECG is made with the criterion of stationarity , since a stationary structure of a time-series signal helps the MCF to converge. As it is shown in the distribution of Fig.3b , two lobes are present. The great lobe corresponds to the grass fluctuations around the isoelectric line of ECG and a small lobe corresponds mainly to the top of wave T. The second lobe does not appear in frog's ECG because the structure is simple and such a wave does not exist. If the segment length which obeys to stationarity is small, occurring in most cases, the tail of distribution (second lobe) has very small statistics and does not affect the results of MCF analysis. In the rare cases where the length of stationary segment is very large, we can produce two separated time-series, one for each lobe. The application of MCF on Human ECG follows the steps below:
• We localize the fixed point as the lower position where the grass fluctuations begin (green line in Fig.2 ).
• The zone between the fixed point level ܸ and the varied level ܸ (blue line in Fig.2 ) define the laminar region. The condition ܸ <ܸ <ܸ defines the laminar lengths L (waiting times).
• We plot the distribution of laminar lengths L and we use the fitting function (3) in order to estimate the critical exponents ‫‬ ଶ , ‫‬ ଷ .
• We move the line ܸ ൌ ܸ to a new position and we repeat the second and third steps.
If we detect a zone ∆ܸ where the distributions of laminar lengths corresponding to laminar region [ܸ , ܸ ] obey to the conditions of criticality ‫<1(‬ ଶ <2, ‫‬ ଷ ൎ 0 ) , then it can be concluded that critical fluctuations in ECG appear. It is known that the larger the zone ∆ܸ , the more stable the critical state is [20] .
In Fig.4 we present the MCF results from analysis on p.121. As we have mentioned above, the existence of criticality in ECG is a signature of the healthy state of cardiac tissue because it indicates that all the temporal scales are present in the heart response. The information from ECG waves is very suppressed due to small statistics in the tail of distribution of the ECG values. In the cases of time-series with a large length, if the stationarity criterion is satisfied, we can create a time-series including the second lobes, namely only the fluctuations of waves T,P (or only T in the case where height of P is small). Then we can apply the MCF for this time-series in order to deduce the information about the fluctuations.
We have analyzed 25 ECGs from the Diagnostic ECG Database [17, 18, 19] which have the indication "Healthy controls". In 22 ECGs (88%) the MCF reveals critical fluctuations, in agreement with the characterization "Healthy control", but in 3 cases (12%) our results disagree with the above characterization.
In the following, we proceed to the analysis of ECGs from "Myocardial infarction". In Fig.5 , such an example is presented. We have analyzed 10 ECGs from the Diagnostic ECG Database with Myocardial infarction. We conclude that all the cases are far from criticality, in absolute agreement with their characterization.
Next, we focus on the cases of the three patients with the characterization "Healthy control" where MCF results are out of criticality. To be more specific, the results of the analysis for the three patients (p165, p245, p242) exhibit values of exponents ‫‬ ଶ , ‫‬ ଷ which are far from criticality, like the infarction case. In Fig.6 we present the results for p165. Fig. 5b) .
The above behavior of one to ten control ECGs is really interesting and could be the object of further investigation.
There is a gradation in our results for criticality. This gradation is observed mainly in two characteristic parameters. The first one is the value of the exponent which determines how close to the power law behavior is the distribution of laminar lengths. The closer to zero is, the dynamics of fluctuations is closer to criticality and therefore ECG originates from healthier heart tissue. On the contrary, higher values of mean that long time scales are cut in the heart tissue response. The second characteristic is the width of the zone ∆ܸ . As we mentioned above, as this width becomes greater, the stability of the healthy operation state of cardiac tissue is greater.
From all analyses in the present work, the case which best verified the above criteria about criticality was the p.121 presented in Fig.4 . Inversely, p.121 could serve as a prototype definition of measures for the healthy behavior of cardiac tissue. For example, such a measure is the autocorrelation function which has a closerelationship with the critical phenomena [15] . In Fig.7 the autocorrelation function of p.121 ECG is presented. 
Conclusions
In this work we presented the application of MCF analysis on Human ECG. The reference point of our work is that the existence of criticality in ECG fluctuations indicates the healthy operation of the cardiac tissue. The results of our analysis have shown that 88% of the samples of ECGs which are characterized as "Healthy control" exhibit fluctuations that obey to critical dynamics in terms of Physics. Nevertheless, there are 12% of the samples ECGs where our results do not agree with the characterization "Healthy control" because the dynamics of fluctuations is far from criticality. On the other hand, the results from 100% of the samples referring to "Myocardial infarction" cases showed that fluctuations are far away from criticality, namely there is 100% agreement with their characterization. Basic conclusion of our work is that in approximately 1 out of 10 ECGs which presented the typical characteristics of a healthy ECG, the diagnosis may not be accurate. Our method can reveal the healthy states as well as the pathological states. There are gradations between the ECGs that are characterized as healthy by our method. The criteria are the quality of power laws and the width of the zone ∆ܸ of laminar regions. From the samples we analyzed , we detected one that best satisfied the criteria of criticality. For this sample we determined the autocorrelation function, which is considered to be a good measure for optimal heart functionality. Finally, it should be noted that this work interprets the heart operation in terms of Physical Critical Phenomena and is not involved with Medical Physiology. However, a link between the two descriptions is necessary and is the subject of further work.
